Alastrim variola minor virus, which causes mild smallpox, was first recognized in Florida and South America in the late 19th century. Genome linear double-stranded DNA sequences (186,986 bp) of the alastrim virus Garcia-1966, a laboratory reference strain from an outbreak associated with 0.8% case fatalities in Brazil in 1966, were determined except for a 530-bp fragment of hairpin-loop sequences at each terminus. The DNA sequences (EMBL Accession No. Y16780) showed 206 potential open reading frames for proteins containing Ն60 amino acids. The amino acid sequences of the putative proteins were compared with those reported for vaccinia virus strain Copenhagen and the Asian variola major strains India-1967 and Bangladesh-1975. About one-third of the alastrim viral proteins were 100% identical to correlates in the variola major strains and the remainder were Ն95% identical. Compared with variola major virus DNA, alastrim virus DNA has additional segments of 898 and 627 bp, respectively, within the left and right terminal regions. The former segment aligns well with sequences in other orthopoxviruses, particularly cowpox and vaccinia viruses, and the latter is apparently alastrim-specific.
INTRODUCTION
Variola virus isolates from contemporary smallpox outbreaks were categorized into two epidemiological types: variola major viruses, which caused case fatalities ranging to 30%, and variola minor viruses, which caused less than 2% case fatalities (Fenner et al., 1989; Marennikova and Shchelkunov, 1998) . Historically, the evolution and spread of variola minor virus is not clearly understood (Fenner et al., 1988) . DeKorte (1904) reported that mild smallpox (named amaas or kaffir-pox) had circulated in southern Africa before the turn of the 20th century, and Ribas (1910) reported mild smallpox in Florida in 1896 that quickly spread through the Americas, Europe, and Australia (Chapin, 1913) . Chapin and Smith (1932) suggested that all mild smallpox outbreaks, which by the early 20th century also occurred in east Africa, were due to the same virus. However, biological comparisons of contemporary strains from Brazil in the 1960s and Botswana, Ethiopia, and Somalia in the 1970s indicated that South American alastrim isolates are distinct from some African variola minor isolates, as are Asian and African variola major isolates (Dumbell and Huq, 1986) .
We previously described the sequences of ϳ30 kb of left and right terminal region coding sequences and the tandem repeat regions of selected isolates of African and Asian major, alastrim, and African minor strains (Massung et al., , 1996 . We described, as had been suggested by DNA restriction mapping (Mackett and Archard, 1979; Esposito and Knight, 1985) , that alastrim strains examined had distinctive sequences, supporting the concept that African and South American variola minor viruses were indeed separate subtypes. To gain further insight into the physical genetic structure of alastrim virus, we extended the sequencing of the smallpox laboratory reference strain Garcia-1966 (VAR-GAR) to encompass the complete coding region of the genome DNA. VAR-GAR was associated with mild smallpox in Brazil in the 1960s that had a case fatality rate of ϳ0.8% and a secondary attack rate of ϳ70% among unvaccinated people (Fenner et al., 1988) . Here, we present a comparison of the VAR-GAR sequences with genome sequences for the variola major isolates India-1967 (VAR-IND; Shchelkunov et al., 1993d Shchelkunov et al., , 1995 and Bangladesh-1975 (VAR-BSH; Massung et al., 1993 Massung et al., , 1994 , and vaccinia virus strain Copenhagen (VAC-COP; Goebel et al., 1990; Johnson et al., 1993) .
RESULTS AND DISCUSSION
The entire genome DNA coding sequences (186,986 bp) of VAR-GAR (EMBL Accession No. Y16780) were 32.7% GϩC. The sequences were 98.24% identical to corresponding sequences of VAR-IND and 98.02% identical to those of VAR-BSH. Sequences for the XhoI terminal hairpin-loop ϳ530-bp fragment were not determined.
By computer analysis we identified 206 nonoverlapping potential open reading frames (ORFs) containing Ն60 amino acids. We enumerated the ORFs by following a convention established for VAC-COP and other orthopoxviruses that uses an alphabet letter prefix to designate the HindIII map location of the ORF and an L or R suffix to indicate transcription direction. Figure 1 presents a graphical alignment of the VAR-GAR ORFs and ORFs of VAR-IND and VAC-COP (VAR-BSH ORFs are excluded from Fig. 1 because of the high homology between VAR-IND and VAR-BSH; Shchelkunov et al., 1995) . As indicated in Fig. 1 , VAR-GAR and VAR-IND ORFs correspond closely throughout a 112-kb region from VAR-GAR ORF B12L to A25R. There is a 102-kb region of virtually complete sequence identity among the vaccinia, variola, and alastrim viruses from VAR-GAR E4L to A25R. The results substantiate the proposition that vaccinia and variola virus genes are equivalently organized on the genome (Fenner et al., 1989; Shchelkunov, 1995) .
Comparison of the left and right terminal region coding sequences, which restriction mapping had established are hypervariable sequence regions of the orthopoxviruses (Mackett and Archard, 1979; Esposito and Knight, 1985) , demonstrates more precisely the nature and extent of the variability. Figure 1 , DNA regions marked A-I, contain sequences that best distinguish VAR-GAR from VAR-IND. Of the nine regions, two (A and B) are within the left-end and seven (C-I) are located within the rightend of the DNA molecule. Table 1 shows the results of a homology comparison of the amino acid sequences of each putative protein encoded by the potential ORFs in VAR-GAR DNA with those reported for VAR-IND, VAR-BSH, and VAC-COP.
Previously, we listed potential virulence determinant proteins of variola virus that were suggested by sequence analysis of VAR-BSH (Massung et al., 1993) , including a variety of possible immune modulating proteins, which are similar in VAR-IND (Shchelkunov et al., 1993d) and VAR-GAR (Table 1 ) and will not be described again here. Instead we describe below some of the families of proteins and distinct sequences that distinguish alastrim virus from variola major virus and other orthopoxviruses.
Proteins containing ankyrin repeats
The most abundant group of proteins coded for by orthopoxviruses appears to be those containing ankyrin repeats (Massung et al., 1993; Shchelkunov et al., 1993b Shchelkunov et al., , 1998 Safronov et al., 1996) . It is postulated that such proteins may play a role in determining host range and tissue tropism (Shchelkunov et al., 1993b , and may influence viral pathogenesis (Mossman et al., 1996) . Regarding the latter, eukaryotic genes encoding ankyrincontaining proteins are located very close to genes for interleukin-1 and tumor necrosis factor (TNF) receptors. Bork (1993) has suggested that viral sequences for ankyrin-containing proteins may have been acquired, as these receptors have been, to modulate dissociation of cytosolic nuclear transcription factor NF-B complexes with I-B by competing with I-B, thereby impeding the effects of signal transduction including apoptosis.
We showed previously (Shchelkunov et al., 1991 ) that VAR-IND D6L (Fig. 1, region A) corresponds to an ORF within the cowpox virus (CPV) host-range gene, CHO-hr (Spehner et al., 1988) , which contains an ankyrinrepeat in the protein. However, in VAR-GAR, the correlate sequences are truncated to form two small ORFs, B7L and B8L; VAC-COP contains no corresponding sequences; and the correlate segment in vaccinia virus strain Western Reserve (VAC-WR) is reported to form four ORFs .
Following B8L, VAR-GAR sequences containing B9L, B10L, B11R, and B12L, which appear in other alastrim isolates, pair with sequences comprising a much longer ORF, C9L of unknown function, in VAC-COP (Massung et al., 1996) , thus, the alastrim ORFs may have evolved by interrupting a single, large ORF similar to C9L. To further explain the origin of the B9L-B12L region, we noted that cowpox strain GRI-90 (CPV-GRI) encodes a homolog of C9L . However, as illustrated in Fig. 2 , the CPV-GRI sequences share 95% identity with B9L-B12L, whereas C9L shares only 71-80% homology. Of note, variola major viruses have an 898-bp deletion in the region between VAR-GAR B9L and B12L (Fig. 1, IND sequences in region A). We also note that C9L of VAC-COP and the analog in CPV-GRI encode a protein containing ankyrin repeats that are similar to those in the CHO hr gene product. The greater homology of the alastrim sequences with the CPV cognate sequences is rather puzzling because the geographic range of CPV is limited to a defined region of Eurasia (Chantrey et al., 1999) . However, these data support the postulate that CPV is parental to both VAC and VAR.
Other ORFs that encode ankyrin repeats Q1L, H6R, D8R, D10R, and G1R share considerable identity with correlates in VAR-BSH and VAR-IND (Table 1) . However, of VAC-COP ORFs that specify ankyrin repeats, only those related to alastrim H6R and D8R have the same number of bases and code for highly identical amino acid sequences. VAC-COP M1L has more bases than alastrim Q1L, and VAC-COP is deleted in the region corresponding to VAR-GAR D10R. The VAC-COP region corresponding to G1R of VAR-GAR is interrupted, forming three smaller ORFs. VAC-COP K1L, which specifies a protein involved in determining cell culture host range, is interrupted in VAR-GAR, forming two ORFs, Q3L and P1L.
Correlates of the two appear in VAR-IND and VAR-BSH. 
Proteins containing kelch repeats
Kelch-repeat-containing proteins of Drosophila are suspected to interact with cytoskeletal actin filaments (Xue and Cooley, 1993; Robinson and Colley, 1997) . Previously, we described a novel group of putative proteins specified by orthopoxviruses, including CPV-GRI and VAC-COP, that resemble those in the kelch family (Shchelkunov, 1995; Shchelkunov et al., 1998) . In particular, these viruses encode proteins similar to a Drosophila kelch protein that forms intercellular cytoplasmic bridges or ring canals. Thus we had suggested (Senkevich et al., 1993) that such proteins may also bind the cytoskeleton and thereby play a role in virus-host interactions. CPV-GRI contains six ORFs for proteins related to kelch-repeat-containing proteins, and VAC-COP contains three such ORFs (C2L, F3L, and A55R). However, compared with VAC-COP and CPV-GRI, the corresponding sequences are either deleted or highly interrupted by termination codons in VAR-BSH, VAR-IND (Shchelkunov, 1995) . As Table 1 (E3L) and Fig. 1 ( regions B, E, and H and E3L) indicate, the pattern of interruption in VAR-GAR sequences differ in each case from that in VAR-IND and VAR-BSH, except for E3L, which is 98% like the cognate, C7L, in VAR-IND and VAR-BSH.
We suggested that such proteins may function to "buffer" or decrease the pathogenic effects of orthopoxviruses and are possibly involved in virus growth in the host . One reason for this speculation is that variola major and minor virus DNAs show rather extensive terminating codon interruptions compared with DNAs of vaccinia and cowpox viruses, which are less virulent.
Homologs of the major protein of the orthopoxvirus A-type inclusion
At a late time postinfection, orthopoxviruses abundantly express a protein, which, depending on its length, may condense to form acidophilic type inclusions (ATIs) in the cytoplasm (Patel and Pickup, 1987; Funahashi et al., 1988) . Based on sequencing, microscopy, or SDS-PAGE data, cowpox, ectromelia, raccoonpox, volepox, and skunkpoxviruses produce an ATI composed of a major protein that migrates at ϳ160 kDa by SDS-PAGE. However, variola, vaccinia, camelpox, and monkeypox viruses produce a ϳ90 kDa or smaller species that appears unable to resolve structurally to an ATI (De Carlos and Paez, 1991; Knight et al., 1992) . Sequencing data have indicated that the CPV protein contains 10 tandem repeats of amino acid sequences between residues 611 and 1003 (Funahashi et al., 1988) . VAC-WR contains a termination codon that truncates the base sequences to express only the last four repeats at the C-terminal (De Carlos and Paez, 1991), and VAC-COP (Fig. 1, region C) shows a rather large deletion. ORFs A29L of VAR-GAR and A28L of VAR-IND retain sequences to possibly express only the three repeats at the C terminus. The presence of 26-bp direct repeats flanking the variola ATI sequence region has suggested (Shchelkunov et al., 1994) that intragenomic recombination may have caused the deletion.
3␤-Hydroxysteroid dehydrogenase homologs
The enzyme 3␤-hydroxysteroid dehydrogenase (3␤-HSD) is involved in biosynthesis of cellular steroid hormones that may have a variety of physiological activities. Vaccinia virus expresses a functional 3␤-HSD homolog (Moore and Smith, 1992) . However, the corresponding sequences in VAR-GAR are interrupted by stop codons to form three ORFs, A52L-A54L (Fig. 1, region D) , and in VAR-IND and VAR-BSH interruptions produce two ORFs. Of the three potential VAR-GAR ORFs, A52L is much like VAR-IND A49L and VAR-BSH A47L (Table 1) , and the two others align with the remaining ORF in the variola major viruses.
Homologs of Schlafen proteins
Schlafen (Slfn) proteins inhibit cell growth and T-cell development and play a role in regulating the cell growth cycle (Schwarz et al., 1998) . Shchelkunov et al., (1998) showed an ORF B2R in the sequences of CPV-GRI, and Schwarz et al., (1998) indicated that B2R may encode a Slfn-like protein, but the activity of the putative protein is unknown. In VAR-GAR sequences, the corresponding region is interrupted by stop codons to form four small ORFs, H2L, H3R, H4L, and H5R (Fig. 1, region F) and in VAR-IND the sequences are interrupted differently. The concept that CPV is ancestral to variola virus is supported because CPV contains the longer uninterrupted sequences, which more closely resemble the cellular homolog.
G4R, the right-end ORF Massung et al., (1996) discovered an ORF, G4R, within the right-end region of the VAR-GAR sequences (Fig. 1,  region I ) that is almost entirely located in a region of short 69-bp tandem repeats; thus, the putative protein, which is of unknown function, may contain seven 23-amino-acid repeats. Search for homologs of the protein in other organisms showed no correlate in the database.
Proteins containing Asp-Ile-Asp repeats VAR-GAR E1L contains 31 tandem repeats of ATC-TATATC, each coding for Asp-Ile-Asp (D-I-D). Figure 3 shows an alignment of the E1L-encoded amino acid sequences with those coded for by VAR-IND, VAR-BSH, VAC-COP, and VAC-WR. VAC-COP F1L specifies only one copy of the repeat; however, VAR-BSH and VAR-IND specify 7 and 14 copies, respectively. Other variola virus DNAs sequenced in this region (Massung et al., 1996) FIGURE 1 contain the repeats, and the number appears to be strain-specific. The function of the putative protein is unknown; however, the effect of all these repeats in variola viruses should produce a gene product with a high net negative charge.
Late transcription factor VLTF-4
ORFs of vaccinia virus specifying virosome-associated late transcription factors, VLTF-1, -2, and -3, correspond to VAR-GAR I9R, A1L, and A2L, respectively (Table 1) . Each of these ORFs shows high identity in other orthopoxviruses examined, including the VAR-IND and VAR-BSH. Recently, a fourth factor, VLTF-4, was described that is specified by VAC-COP H5R (Kovacs and Moss, 1996) . However, the correlate of H5R in VAR-GAR, J5R and the variola viruses (I5R) is rather variable, which is unusual because the ORF is located in the central part of the genome, a region of highly conserved sequences based on orthopoxvirus restriction maps (Esposito and Knight, 1985; Shchelkunov, 1995) . VAR-IND, which is a highly virulent virus associated with 27% of case fatalities in India in 1967, encodes a putative protein containing 221 amino acid residues; VAR-BSH, 220 residues; VAR-GAR, 218 residues; and VAC-COP, 203 residues (Table 1). It may be that the efficiency of transcription factor activity is defined by the extent of amino acids sequences, which may in turn influence virus growth in cells and possibly virulence capacity. In this regard, we previously described three potential calcium-binding domains encoded by VAR-IND I5R (Shchelkunov et al., 
FIG. 2.
Percent sequence identity between the region containing VAR-GAR B9L-B12L (7070-8822 bp) and the correlate region in VAC-COP (-OE -GAR-COP) and CPV-GRI (-Ⅺ -GAR-GRI). Percents identity were determined for each 160-bp across the sequenced region. 1993c). As shown in Fig. 4 , VAR-GAR shows a two-codon deletion in the third putative domain. Additionally, VAR-BSH shows a deletion of a codon that interrupts the second putative domain. And VAC-COP H5R sequences show two of the three domains are disrupted.
Right-end alastrim-specific DNA Massung and colleagues (1996) described a 627-bp segment comprising VAR-GAR H11R and the amino portion of H12R that is absent in VAC-COP, VAR-BSH and VAR-IND sequences (Table 1; Fig. 1, region G) . VAR-BSH and VAR-IND show small ORFs, B10R and B11R, respectively, that encode the carboxyl end of the protein specified by VAR-GAR H12R. They noted that cross-hybridization and PCR showed the segment in other alastrim isolates; however, no such sequences were detected in variola major strains and Somalian variola minor virus nor in selected strains of vaccinia, monkeypox, cowpox, camelpox, or ectromelia viruses. A computer search failed to reveal any homologs of the putative proteins H11R and H12R of VAR-GAR. It is interesting to note that the 627-bp segment is a part of an extended variolaspecific genome region of 2068 bp that is between the VAR-GAR ORFs H9R and D1R (Fig. 1) .
Conclusions
In the present report, our examination of the genome of VAR-GAR (Massung et al., , 1996 is extended to encompass the entire coding sequence. We compared these sequences with correlate sequences of variola major and vaccinia viruses Johnson et al., 1993; Massung et al., 1993 Massung et al., , 1994 Shchelkunov et al., 1993d Shchelkunov et al., , 1995 . We have arrived at several conclusions.
First, although variola viruses were traditionally classified on the basis of epidemiological criteria as major or minor, depending on the case-fatality rate associated with the outbreak (Fenner et al., 1988) , laboratory biological and DNA analyses indicated that more than two types, major and minor, existed in nature. By laboratory assays, variola minor isolates from certain African countries were more like variola major isolates than true South American variola minor viruses, termed alastrim viruses Huq, 1975, 1986; Esposito et al., 1978; Mackett and Archard, 1979; Esposito and Knight, 1985; Massung et al., 1995 Massung et al., , 1996 .
Second, it appears from the sequences that no single change in a gene is related to the low case-fatality rate of alastrim virus. Rather it is more likely to be a variety of point substitutions, deletions, or insertions, which may interrupt proteins, change a few amino acids within a number of protein, or add proteins, that define virulence outcome. In this regard, pair-wise alignment of 206 nonoverlapping ORFs in VAR-GAR with corresponding ORFs in VAR-BSH and VAR-IND showed that about one-third of VAR-GAR ORFs shared 100% identity, although most were greater than 95% identical (Table 1 ). In addition, two unique regions of VAR-GAR, an 898-bp segment within the left-end region and a 627-bp segment within the right-end region, were observed that distinguished alastrim from variola major viruses.
Third, in comparing the ORFs, we noted that alastrim contains a number of interrupted truncated variants of longer ORFs in variola major virus and that these ORFs are truncated variants of ORFs in vaccinia or cowpox virus. The observation suggested to us that alastrim probably derived from variola major virus and variola major virus derived from a precursor virus, such as cowpox virus or similar, that contained the longer ORF.
Such differences in ORF sizes are shown in Table 1 and Fig. 1 . For example, note that VAR-GAR B7L (contains 95 codons) and B8L (contains 355 codons) are homologs of left-end region ORFs D8L in VAR-BSH and D6L in VAR-IND, which contain 452 codons. In turn, the sequences of all these ORFs pair with cognate regions in a much longer 669-codon ORF that is involved in CPV host range. Other examples of truncated reading frames within the VAR-GAR left-end region that are longer in variola major and vaccinia viruses include the ankyrin-repeat-encoding-ORFs VAR-GAR B9L-B12L, which have cognate regions within a 634 codon ORF, C9L, of VAC-COP and its CPV correlate. Another is the kelch-encoding-ORFs VAR-GAR B19L (154 codons) and B20L (65 codons (Kovacs and Moss, 1996) of VAR-IND, VAR-BSH, VAR-GAR, and VAC-COP. Gray blocks indicate potential Ca 2ϩ -binding domains (Shchelkunov et al., 1993c) .
D11R-D13R (kelch gene) are also correlates of longer ORFs in VAR-IND and VAR-BSH and even longer ORFs in VAC-COP. Finally, although understanding virulence differences of major and minor isolates will most likely involve understanding the collective influence of certain gene products, insight into some of the pathogenic differences may be able to be pinpointed in some cases. In this regard, we have expressed in Escherichia. coli, the interferon-␥-receptor encoded by VAR-GAR H9R or VAR-IND B9R, which sequencing indicated differ by three amino acids. Both recombinant protein preparations did not differ in the measure of reactivity with human IFN-␥ (Seregin et al., 1996) . In contrast, bacterial recombinant preparations of the TNF-binding domain encoded by G2R of VAR-GAR or VAR-BSH (Table 1) , which have four amino acid differences in this domain, were distinctive in capacity of binding certain members of the TNF superfamily (Loparev et al., unpublished data) .
MATERIALS AND METHODS

Isolation of virus and viral DNA
Variola minor Garcia-1966 virus was isolated from skin lesions on a patient in Sao Paulo during an alastrim outbreak in Brazil in 1966 that was associated with a 0.8% case fatality rate. The isolate had been used as a diagnostic reference strain at the Adolpho Lutz Institute, Sao Paulo, and was provided to CDC in the late 1960s. It was also used as a reference strain at CDC and passed on the chorioallantoic membrane (CAM) of 12-day-old chick embryos. A viral pock was picked from a passage on the CAM and the material was used to infect the FL continuous human amnion cell line (ATCC CCL-62). Virus was propagated at CDC under (BSL-4) containment. Viral DNA, which itself is not infectious, was extracted from the cytoplasm (Esposito et al., 1981) of the third passage in FL cells and transported in phenol to a BSL-2 laboratory for cloning into bacterial plasmids, which were used for the sequencing.
DNA sequencing
Viral DNA was digested with XhoI or HindIII, and the digest fragments were cloned into plasmids for sequencing to achieve at least twofold redundancy for each DNA strand as described before (Shchelkunov et al., 1992 (Shchelkunov et al., , 1993c Massung et al., 1994 Massung et al., , 1996 . Some segments of significant sequence variance compared with VAR-IND or VAR-BSH cognates were resolved to sixfold redundancy. Sequences were analyzed using software from Genetics Computer Group, Inc., Madison, WI (Devereux et al., 1984) and software developed at the State Research Center for Virology and Biotechnology (Vector), Koltsovo, Russia (Resenchuk and Blinov, 1995) . Protein analogy searches were done using BLAST software (Altschul et al., 1990) .
